Background. Hidradenitis suppurativa (HS) is a frequent and severe disease of the skin, characterized by recurrent or chronic skinfold suppurative lesions with a high impact on quality of life. Although considered inflammatory, antimicrobial treatments can improve or lead to clinical remission of HS, suggesting triggering microbial factors. Indeed, mixed anaerobic microbiota are associated with a majority of HS lesions. Our aim in this study was to characterize the landscape of anaerobic infections in HS using high-throughput sequencing.
remission or dramatic improvements of lesions [14, 15] . These clinical observations led us to hypothesize that inflammation in HS may be partly driven by specific anaerobic bacteria. To identify the anaerobic microbiome of HS lesions, we performed a prospective study combining bacterial culture and metagenomics.
METHODS

Patients
This study was prospectively conducted between November 2011 and June 2014 at the Centre d'Infectiologie NeckerPasteur. A total of 65 adult patients were included in this study after receipt of informed written consent ( Table 1 ). The clinical severity of HS was established using Hurley's clinical severity staging [16] . Briefly, Hurley stage 1 lesions correspond to single nodules or abscesses. Hurley stage 2 lesions are more severe, chronic nonconfluent lesions, with sinus tracts and scarring. Hurley stage 3 lesions correspond to very severe lesions with multiple interconnected sinus tracts across an entire skin area. In a given patient, the patient's Hurley stage corresponds to the clinical severity of the most severe HS lesion.
This project was approved by the Ethical Committee Comité de Protection des Personnes Ile de France 2.
Samples
To identify bacterial taxa associated with HS lesions, we compared the microbiology of lesions to that of nonaffected patients' skinfold areas. A total of 149 lesions and 175 patient's skinfold surface samples were obtained (Table 1) . Draining lesions were sampled by swabbing pus without preliminary asepsy. We sampled nondraining lesions by punch biopsy or needle aspiration after strict asepsy. Control samples were obtained by swabbing a 4-cm 2 surface of a clinically unaffected skinfold.
Bacterial culture samples were sent to the Microbiology Laboratory of the Necker-Enfants Malades Hospital within 4 hours using ESwabs (Copan Diagnostics, Brescia, Italy, provided by MAST Diagnostic, France) transport medium. For the metagenomic study, we used dry Copan 167C swabs (Copan, Brescia, Italy) that were immediately discharged in sterile water and stored at −80°C until DNA extraction.
Bacterial Cultures and Identification Methods
Bacterial cultures were performed as previously described [13] . Briefly, 50 µL of the transport medium was seeded on a Uriselect4 agar plate (Bio-Rad, Marnes-la-Coquette, France), a colistin-nalidixic acid (CNA) blood agar plate, and a Columbia blood agar plate (bioMérieux). Uriselect4 and CNA agar plates were incubated at 37°C under 5% carbon dioxide for the isolation of aerobic and microaerophilic bacteria. Columbia agar plates were incubated anaerobically in jars for 2 weeks. Biopsies were first ground under strict asepsy. Bacterial colonies were semiquantified using a scale ranging from 1 to 1000 colonies/ sample as previously described [13] . Anaerobic cultures were considered positive when the abundance or diversity of the bacterial culture was increased under anaerobic conditions. A maximum of 10 different colonies growing under aerobic conditions were identified per sample by matrix-assisted laser desorption/ ionization time-of-flight mass spectrometry.
DNA Extraction, Amplification, and High-Throughput Sequencing
After thawing, samples were concentrated to a final volume of 100 µL in polymerase chain reaction (PCR) distilled water by centrifugation. Bacterial lysis was performed by adding proteinase K (20 µL) and lysis buffer (130 µL) using the MagNa Pure LC DNA Isolation kit III (Roche Pharma, BoulogneBillancourt, France) and thermal shocks. DNA extraction was performed using the MagNa Pure technology. Samples were amplified using the eubacterial universal 16S primer set 27F/338R, targeting the V1-V2 hypervariable regions of the small subunit of the 16S ribosomal RNA gene. These primers are optimized for multiplexed samples with 454 sequencing and have been previously validated to study the skin microbiome [17] . For amplification reactions, we used the Platinum Inguinal fold, n (%) 60 (40)
Gluteal fold, n (%) 21 (14) Buttocks and tights, n (%) 17 (11) Breast, n (%) 5
Other, n (%) 10 (7)
Location of uninvolved skinfolds samples Armpit, n (%) 64 (37)
Inguinal folds, n (%) 67 (38)
Gluteal folds, n (%) 44 (25) 
Processing of 16S rRNA Genes Libraries
We used the QIIME pipeline for quality filtering of raw sequences, definition of operational taxonomic units (OTUs), and taxonomic assignment with default parameters unless otherwise indicated [18] . Quality filtering of raw sequences was obtained by applying the split_library.py function with minimal and maximal sequence length values of 200 and 500 nucleotides, respectively, allowing no error within barcodes. To assign similar sequences to OTUs, we used the pick_otu.py function and the prefix_suffix method, followed by a second OTU picking with the UCLUST algorithm. Representative sequences (pick_rep_seq.py function; method: most_abundant) were aligned using the align_seqs.py function and the PyNAST tool (default parameter). Taxonomy was assigned using the Ribosome Database Project classifier. For OTUs with relative abundance ≥0.05% of all sequences or without taxonomic assignment, the taxonomy was ascertained or corrected using the blast method (GreenGenes database: gg_13_5) and manual blast (NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_ TYPE=BlastSearch) and/or LeBibi (https://umr5558-bibiserv. univ-lyon1.fr/lebibi/lebibi.cgi). The OTU table was generated using the make_otu_table.py function. Chimeric sequences were removed using ChimeraSlayer.
Statistical Analysis
All statistical analyses were performed using R software, version 3.2 (www.R-project.org). Bacterial culture profiles and bacterial culture abundances were compared using the Fisher exact test and the Wilcoxon rank sum test, respectively. Alpha diversity indexes, plots, and statistical analysis (analysis of variance) were generated with the phyloseq package using nonnormalized OTU counts. Hierarchical ascendant clustering and principal component analysis (PCA) were performed after logarithmic transformation of relative abundances using the pheatmap and ade4 package, respectively. Bacterial taxa with a mean relative abundance below 0.4% of the total number of reads obtained from all samples were excluded for these analyses.
Clustering of samples and microbiota were performed on their respective distance matrix, based on Pearson correlation. Dendrograms were generated using the Ward aggregation criterion. Clustering results were figured in a heat map chart where samples and species are reordered according to the dendrogram.
PCA was performed on a relative taxon abundance correlation matrix. A scree plot of eigenvalues was used to visually identify the number of components explaining most of the variability in the data. To study bacterial taxa that contribute to ecological distances between microbiomes, both taxa and microbiomes were projected on PCA plots. Statistical comparison of principal component coordinates of microbiomes according to sample characteristics was computed using analysis of variance.
To compare taxa relative abundances, we used a negative binomial regression model to take into account the overdispersion of taxa counts between samples. All statistical tests were considered significant if the P value was <0.05. For multiple comparisons procedures, P values were adjusted by the false discovery rate (FDR) method.
RESULTS
Microbiology of HS Lesions as Assessed by Bacterial Cultures
The most prevalent microbiological profile associated with HS lesions was a polymorphous anaerobic microbiota combined with normal skin commensals (83% of lesions vs 53% of control samples, P < 10 To identify other bacterial species or groups associated with HS lesions, we compared the microbiology of polymicrobial HS lesions with that of uninvolved patients' skinfolds ( Figure 1B and Table 2 ). Streptococcus anginosus and anaerobic actinomycetes (A. turicensis, A. radingae, and Actinotignum/ Actinobaculum schaalii) were cultured from 32% and 26% of lesions samples compared to 3% and 2% of controls, respectively (FDR: 3 × 10 -11 and 10 -9
). Streptococcus dysgalactiae, an opportunistic skin pathogen not previously associated with HS, was recovered from lesions but never from normal skinfold surfaces (FDR: 8 × 10
). The microbiology of these lesions did not vary according to location (Supplementary Table 1) . Staphylococcus aureus was associated with lesions (FDR: 10 -2 ) but was never cultured as a predominant pathogen. The abundance of Staphylococcus epidermidis and other typical skin commensals such as Micrococcus spp. and Dermabacter hominis was significantly lower in lesions than in control samples ( Table 2) . These data confirm the association of atypical bacterial pathogens with HS lesions, contrasting with a low abundance of aerobic skin commensals [13] .
HS Lesions Harbor Microbiomes Distinct From Those of Patients' Unaffected Skinfolds
Considering the above results and the lack of information on the composition of the anaerobic lesional microbiota, we extracted DNA and performed 16S amplification on 110 randomly selected lesions and nonlesional HS skinfold samples for high-throughput sequencing. DNA libraries were obtained for 73% and 80% of lesions (n = 80) and nonlesional patients' skinfolds (n = 88), respectively (Supplementary Table 2 ).
Bacterial alpha diversity metrics of lesions and of patients' nonlesional skinfold microbiota were in a similar range (Figure 2A ). The most prevalent microbiological profile of HS lesions consisted of a polymorphous anaerobic microbiota associated with normal skin commensals. Comparatively, anaerobes were associated with 53% of normal skinfold samples (Fisher exact test, P < .001). This profile was highly prevalent in Hurley stage 2 and 3 lesions (ie, severe chronic suppurative lesions). The microbiology of Hurley stage 1 lesions was more heterogeneous, including 54% of lesions with anaerobes, 22% of lesions with a pure or predominant culture of Staphylococcus lugdunensis, and 22% of lesions with aerobic skin commensals (detailed culture results are presented in Supplementary Figure 1) . A pure culture of Staphylococcus aureus was observed in 2 cases. B, Bacterial taxa associated with polymicrobial HS lesions. The microbiology of polymicrobial HS lesions was compared to that of normal skinfolds after exclusion of sterile lesions (n = 3), S. aureus abscesses (n = 2), and S. lugdunensis lesions (Wilcoxon rank test, false discovery rate). Compared to controls, lesions were enriched in strict anaerobes, Milleri group streptococci (S. anginosus group), and anaerobic actinomycetes. Conversely, the frequency and mean abundance of coagulase-negative staphylococci and of other typical skin commensals was lower in lesion samples. Staphylococcus aureus was more frequently cultured from lesion samples but always associated with a polymorphous anaerobic microbiota. An asterisk ( However, bacterial composition of lesions strikingly differed from that of uninvolved skinfold areas. In agreement with culture results, the microbiome of patients' skinfolds was predominantly composed of Actinobacteria and Firmicutes (43.4% and 40.2% of the total number of reads, respectively), with 2 major aerobic genera Corynebacterium (39.8%) and Staphylococcus (17.9%), Staphylococcus epidermidis (12.8%) being the most abundant staphylococcus species ( Figure 2B ). The anaerobic microbiome of normal skinfolds comprised 3 predominant genera of the Clostridiaceae family: Anaerococcus (8.3%), Finegoldia (5.3%), and Peptoniphilus (3.1%). Comparatively, lesion samples were particularly enriched in anaerobic gram-negative rods belonging to the Bacteroidetes (24.8%) and Fusobacteria phylum (12.2%), with 3 main genera: Prevotella (17.5%), Porphyromonas (6.2%), and Fusobacterium (10.3%).
To explore compositional variations in microbiota between the samples (ie, beta diversity), we constructed an unsupervised hierarchical clustering of samples ( Figure 2C ) and performed PCA. Hierarchical clustering clearly distinguished the 2 sample groups (vertical clusters A and B), demonstrating that the microbiomes of lesions are dysbiotic skin microbiota, with a significant decrease of most abundant normal skin taxa (horizontal cluster "I"), contrasting with an overrepresentation of taxa poorly found in the normal skinfold microbiota (cluster "II"). PCA demonstrated that lesions and nonlesional skinfold microbiomes are distinct ecological environments on the first component (P = 2 × 10 -16 ; Figure 2D ). A total of 43 bacterial taxa were statistically associated with lesions (Table 3) . Prevotella, Porphyromonas, Fusobacterium, and Parvimonas were the most abundant lesional taxa (mean abundance >2% and FDR < 10 -5 ). Prevotella and Porphyromonas were detected in 92.5% and 95.2% of samples, respectively. Comparatively, Fusobacterium and Parvimonas were only detected in 56.3% and 18.8% of lesions, corresponding to a distinct group of samples ( Figure 2C, cluster B1) . Streptococcus anginosus and Actinomyces were also statistically associated with lesions but with low relative abundances. Finally, as observed using culture methods, the abundance of skin commensals and of environmental bacteria of the Proteobacteria phylum was significantly lower in lesions than in normal skinfolds (Supplementary Table 3 ).
The Anaerobic Microbiome of HS Lesions Only Varies According to the Clinical Severity of the Disease
The biodiversity and composition of lesions' microbiomes did not or weakly varied according to gender, familial history of HS, phylum Proteobacteria. C, Unsupervised hierarchical clustering of samples according to microbiota. Hierarchical clustering identified 2 clusters of samples. The first cluster, cluster "A," corresponds to a majority of normal skinfolds (78% vs 16% of lesions samples). In these samples, Staphylococcus epidermis and Corynebacterium were the most prevalent taxa, followed by Enterobacteriaceae and environmental taxa of the Proteobacteria phylum (horizontal cluster I). The second sample cluster, cluster "B," comprised a majority of lesions (84% vs 22% of nonlesional patient's skinfold surface samples). These samples were enriched in anaerobic taxa poorly represented in cluster I, predominantly Prevotella and Porphyromonas but also of Fusobacterium and Parvimonas, which were associated with a subgroup of lesions (cluster B1 Tables 4-8) .
Conversely, severe HS lesions showed an increased bacterial diversity ( Figure 3A) , and 11 taxa correlated with the clinical severity of the disease ( Figure 3B and Supplementary Table 9) . Among these taxa, the 4 most abundant in Hurley stage 3 patients were Fusobacterium (14.1% of lesional taxa), Parvimonas (6.74%), Streptococcus (1.26%), and bacteria of the Clostridiales order (4.44%; Figure 3C ). PCA analysis showed that the second component axis, corresponding to Fusobacterium and Parvimonas, mostly contributed to beta diversity among lesion samples species. a mA is the mean abundance. In each sample group, mA was computed by dividing the total number of taxa sequences by the total number of sequences (%).
( Figure 3D ). Finally, in accordance with culture results, the mean abundance of S. aureus increased in Hurley stage 3 patients but represented a minor proportion of lesional taxa (0.02%).
Together, these data indicate that a specific anaerobic microbiome, predominantly composed of Prevotella and Porphyromonas, is associated with HS lesions. This specific microbiome does not significantly vary according to the clinical parameters studied, except for the clinical severity of HS.
DISCUSSION
HS is an enigmatic inflammatory disease of the skin characterized by recurrent or chronic skin abscesses. Here, we conducted the first comprehensive prospective study on the microbiology of HS by combining bacterial culture and highthroughput sequencing. We show that the microbiology of HS lesions strikingly differs from that of patients' nonlesional skinfolds; confirm that S. lugdunensis, a virulent coagulase-negative staphylococcus species, is associated with mild HS lesions; and demonstrate that specific anaerobic bacteria proliferate within a vast majority of lesions.
Two predominant anaerobic gram-negative rods were enriched in anaerobic HS lesions: Prevotella and Porphyromonas. The natural niches of these commensal bacteria are the oropharyngeal and vaginal tracts. However, occasionally associated with anaerobic actinomycetes and milleri group streptococci, they can cause a wide range of subacute or chronic infections such as odontogenic infections [19] , gingivitis and periodontitis [20] , and head and neck infection, including brain abscesses [21, 22] and are associated with cystic fibrosis [23] . Among all parameters studied, only 1 was significantly associated with variations in lesions microbiota: the clinical severity of the disease. The most abundant taxon associated with severe HS was Fusobacterium. In our previous culture-based study, Fusobacterium nucleatum was the most predominant Fusobacterium isolated species [13] . This gram-negative anaerobic rod of the oropharyngeal and gut microbiome is associated with a variety of human diseases including chorioamnionitis, neonatal sepsis, inflammatory bowel disease, and appendicitis [24] . Noteworthy, F. nucleatum is considered to be a marker of advanced periodontitis [20] and is associated with a poor prognosis in patients with colorectal cancer [25] . This particular pathogenicity is attributed to strong adhesive and invasive properties to epithelial cells with proinflammatory properties, leading to hypervascularization. In addition, F. nucleatum has a particular ability to aggregate with a variety of oral bacteria, promoting biofilm formation [24] . The association of Fusobacterium with severe HS lesions may account for their high inflammatory clinical presentation.
The pathogenicity of these anaerobic commensal bacteria in HS probably results from copathogenicity [26] and adaptive properties. Noteworthy, the anaerobic microbiome of HS did not share similarities with other chronic skin lesions such as diabetic ulcers where Anaerococcus and Bacteroides spp. predominate. Conversely, a very similar anaerobic profile consisting in Prevotella, Porphyromonas, Fusobacterium, and Parvimonas is associated with chronic periodontitis [20] . A recent metatranscriptomic study in patients with chronic periodontitis showed that compared to the normal carbohydrate-consuming subgingival microbiota, the bacterial periodontitis microbiota shifts to protein degradation and amino acid catabolism [27] . Dysbiotic bacteria upregulate virulence and antimicrobial resistance genes as well as transcripts coding for chemotaxis and proinflammatory factors [27] . Hence, when exposed to a hostile milieu, these commensal bacteria are able to turn into a proinflammatory and pathogenic state. Although not demonstrated yet in HS, it is likely that the high abundance of Prevotella and Porphyromonas in HS lesions reflects similar adaptive and pathogenic properties.
Modification of the skin microbiome has been reported in inflammatory skin diseases, and it not always clear whether skin dysbiosis may cause or is a consequence of the disease. However, the efficacy of antibiotics in HS and the location of these bacteria within the dermis indicate that they likely participate in the inflammatory process. How these bacteria can cross the skin barrier and persist despite a sustained inflammatory response remains an important issue. HS lesions are typically localized in the apocrine gland-bearing areas of the skin. However, HS is primarily a disease of the terminal hair follicle [28] . In noninflamed skin areas, hyperkeratosis of the follicular epithelium, occlusion, and perifollicular lymphohistiocytic inflammation are typical histological patterns of HS [29] . Conversely, neutrophilic abscesses and influx of monocytic and dendritic cells in association with free keratin debris or with giant cells are observed in cases of acute HS lesions. Clinical inflammation in HS likely occurs secondary to the rupture of the hair follicle, with subsequent liberation of the follicular content, including bacteria, into the dermis. Resulting inflammation is the logical outcome that likely selects the dysbiotic microbiota or pathobionts identified in this study, accounting for even more inflammation and for the unexpected activity of antibiotics in HS. The low pathogenicity of the anaerobic bacteria identified here could explain the chronicity of HS lesions and the absence of systemic dissemination of the infectious process.
The clinical presentation of the disease with a high frequency of acute skin abscesses and the sometimes real efficacy of TNFblocking agents suggest that HS is not primarily an infectious disease but rather a skin barrier disease that predisposes patients to recurrent infections. A recent study demonstrated that keratinocytes isolated from HS patients exhibit a proinflammatory profile and a dysregulated production of antimicrobial peptides [4] . Considering that antimicrobial peptides exert both antimicrobial and immuno-modulatory effects [30] , this could explain the inability of the host to clear the pathobionts identified here.
A limitation of this study is that we could only explore a limited number of early HS lesions by 16S ribosomal gene sequencing, probably because of the low sensitivity of the technique. Further studies should focus on this issue using shotgun sequencing.
CONCLUSIONS
In this study we demonstrate that specific anaerobic commensals with particular pathogenic traits proliferate within HS lesions, providing a rationale for antibiotic treatments of HS. Further research is needed to unravel the primitive immune defect of the HS skin barrier. ). Comparatively, the second component of the PCA reflected the clinical severity of the disease (P = 0.02). Fusobacterium and Parvimonas were the predominant taxa that contributed to beta diversity among lesions samples. 1, 2, 3: patient's Hurley stage. C: controls (nonlesional patients' skinfolds). Abbreviation: FDR, false discovery rate; OTU, operational taxonomic units.
